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The Blake-Bahama Outer Ridge (BBOR) and Carolina Slope
(CS) form the western boundary for deep- and surface-water circu-
lation in the subtropical North Atlantic. Between the northward-
flowing surface waters of the Gulf Stream and the net southerly flow
of intermediate and deep waters, most of the climatically important
exchanges of heat, salt, and water with other ocean basins occur in
the westernmost North Atlantic. At the deepest levels of the western
North Atlantic, Antarctic Bottom Water (AABW) flows northward
and blends with several other water masses in the deep recirculating
gyres to form the North Atlantic Deep Water (NADW) (Fig. 1). The
western intensification and flow of these waters erode the continen-
tal margin in some locations and preferentially deposit sediments at
other locations known as sediment drifts.

The main focus of Ocean Drilling Program (ODP) Leg 172 was to
recover a sequence of high deposition-rate sediment cores from sedi-
ment drifts in the western North Atlantic that document rapid changes
in climate and ocean circulation during the middle Pliocene to Pleis-
tocene times (Figs. 2, 3). Leg 172 sediments are also useful for their
high-resolution history of magnetic field behavior and their history of
biotic change. In addition, the sedimentary microstructure at Leg 172
sites reflects the combination of both downslope and along-slope dep-
ositional processes. Finally, high deposition rates and high organic
carbon content along the eastern U.S. continental margin set the stage
for biogenic methane production and clathrate formation. This is of
direct interest to paleoceanographers and sedimentologists because
gas disrupts the fabric of piston core sediments and interferes with op-
eration of the advanced piston corer (APC), but it is of more wide-
spread interest because methane is a powerful “greenhouse” gas

Leg 172 builds on previous scientific ocean drilling in the weste
North Atlantic. During Deep Sea Drilling Project (DSDP) Leg 2 th
northeastern Bermuda Rise was drilled to date the sediments ov
ing basement as a first test of seafloor spreading and to date a p
inent change in the acoustic character of the sediments (Hays, e
1972). The objectives, however, were not achieved because the 
ments were unfossiliferous and because of technical difficulties. 
sults of DSDP Leg 11 drilling suggested that a strong reflector on
Blake Outer Ridge was a result of gas hydrate (Hollister, Ewing
al., 1972), but that conjecture was not confirmed until DSDP Leg
revisited the Blake Outer Ridge (Sheridan, Gradstein, et al., 19
Most recently, this region was the focus of ODP Leg 164, which w
dedicated to studying the formation of gas hydrate and estimating
abundance (Paull, Matsumoto, Wallace, et al., 1996).

SEDIMENT DRIFTS

Sediment drifts are widespread in the North Atlantic basin and
flect both the abundant sources of sediment and its focusing by d
currents (Lonsdale, 1982; McCave and Tucholke, 1986). There i
least one sediment drift associated with every water mass in the N
Atlantic, suggesting the potential for tracing the individual comp

1Keigwin, L.D., Rio, D., Acton, G.D., et al., 1998. Proc. ODP, Init. Repts., 172: Col-
lege Station, TX (Ocean Drilling Program).

2Shipboard Scientific Party is given in the list preceding the Table of Contents.
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nents of NADW on geological time scales using geochemical a
sedimentological techniques (Keigwin and Jones, 1989). Althou
drift sedimentation has been the subject of comprehensive studie
the North Atlantic (e.g., Heezen et al., 1966; Silva et al., 1976; Flo
1978; Laine and Hollister, 1981; McCave et al., 1982), sedim
drifts have been exploited only recently for their high-resolution p
leoceanographic and paleoclimatic information (e.g., Ledbetter a
Balsam, 1985; Boyle and Keigwin, 1987; Broecker et al., 198
Johnson et al., 1988; Haskell et al., 1991; Keigwin and Jones, 19
McCave et al., 1995). Within the scientific ocean drilling communit
sediment drifts have been the subject of concentrated paleoclim
study only during DSDP Leg 94, which cored sites on Feni Drift a
on Gardar Drift (Ruddiman, Kidd, Thomas, et al., 1987), and dur
ODP Leg 162, during which additional sites on Feni and Gar
Drifts, as well as on Bjorn Drift (Jansen, Raymo, Blum, et al., 199
were cored.

One of the most intensively studied sediment drifts in the No
Atlantic lies on the northeast Bermuda Rise (BR), where the overly
deep water is the most turbid in the basin (Biscaye and Eittreim, 19
as a result of the advection of clays and silts by the deep Gulf Str
return flow (Laine and Hollister, 1981; see also Hogg, 1983, a
Schmitz and McCartney, 1993). The ultimate source of this terri
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Figure 1. Schematic of circulation patterns in the deep western North Atlan-
tic (updated from Schmitz and McCartney, 1993; by M.S. McCartney, in a
pers. comm. to L. Keigwin, 1995). The thin lines represent streamlines of
two recirculating gyres and the small numbers are approximate transport in
Sverdrups (1 Sv = 106 m3s–1). Thick lines represent generalized flow direc-
tion of AABW and NADW, which contribute to the Deep Western Boundary
Current. The shaded pattern marks the region of high surface eddy kinetic
energy (EKE), deep EKE, and deep suspended sediment. Note that, in this
scheme, the southern recirculating gyre over the Bermuda Rise is the mixing
zone for northern- and southern-origin waters, and that true “NADW” 
formed in that mixing zone.
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nous sediment is probably eastern Canada, although Laine et al.
(1994) document local erosion on the eastern scarp of the BR and re-
deposition on its plateau. During glaciation, deposition rates were as
high as 200 cm/k.y. on the BR (Keigwin and Jones, 1989). Geochem-
ical studies of cores from the BR have revealed the coupling of the
ocean, the atmosphere, and ice sheets on the submillennial scale. For
example, deep-ocean circulation at that location (~4500 m) responded
to the Younger Dryas cooling episode (Boyle and Keigwin, 1987), as
well as to earlier oscillations in the climate system (Keigwin et al.,
1991; Keigwin and Jones, 1994).

A PALEOCEANOGRAPHIC DEPTH TRANSECT

It is difficult to understand the ocean-climate system from the
study of single core locations. For example, paleochemical results
from BR cores illustrate changes in deep-ocean circulation from only
one water depth (4500 m) because the northeast BR is a plateau.
Proxy data for deep-ocean nutrient content at that location show large
changes with time, but we cannot distinguish between latitudinal
changes in the mixing zone between southern- and northern-source
waters and changes caused by vertical migration of a benthic front.
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Figure 2. Map of the western North Atlantic Ocean showing the location of Leg 172 sites on the northeast Bermuda Rise (Site 1063), the Sohm Abyssal Plain
(Site 1064), the Carolina Slope (CS; Sites 1054 and 1055), and the Blake-Bahama Outer Ridge (BBOR; Sites 1056−1062).
8

Groups of sites must be located across a range of depths to study the
ocean in three dimensions.

Paleo-environmental depth transects were identified as a first pri-
ority of the Committee on Scientific Ocean Drilling II (COSOD II,
1987). Such transects have been cored in the eastern equatorial Atlan-
tic (Leg 108), the subantarctic (Leg 113), the Indian Ocean (Leg 115),
the Arabian Sea (Leg 117), the western equatorial Pacific (Leg 130),
and the western equatorial Atlantic (Leg 154).

Most of the depth transect is on the Blake Outer Ridge, which is
ideal for this purpose. As noted by Markl and Bryan (1983), “T
Blake Outer Ridge is the largest sediment ridge known. Its existen
orientation, and internal structure reflect major events in the evo
tion of the western North Atlantic Ocean.” Large vertical gradien
can be expected in the Tertiary and Quaternary oceans. In add
to monitoring water-mass variability in the late Neogene, Leg 1
sites will be used to monitor important basinwide changes in the 
sition of the lysocline, which may be additionally influenced at th
location by the position of the Deep Western Boundary Curre
(DWBC) (Balsam, 1982). Grain size results on the Blake Ou
Ridge are consistent with nutrient proxy results as monitors of de
ciation changes in deep-ocean circulation, indicating there were
portant glacial–interglacial changes in the intensity and position
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the DWBC on the Blake Outer Ridge (Haskell, 1991; Haskell et al.,
1991). A depth transect of these data for time slices will for the first
time document the bathymetric extent of these circulation changes.

Eleven sites were cored during Leg 172: seven on the BBOR, two
on the Carolina Slope, one on the Bermuda Rise, and one on the
Sohm Abyssal Plain (Fig. 2; Table 1). The main purpose of Leg 172
was to provide a latest Neogene depth transect for documenting
changes in the depth distribution of water masses (Fig. 3). The geo-
graphic range of sites may also help distinguish between latitudinal
changes in the mixing zone between southern and northern source
waters and changes caused by vertical migration of a benthic front,
especially when considered in the context of other recent ODP legs
such as Legs 154 and 162. The Leg 172 depth transect off the U.S.
east coast is especially important because this margin forms a west-
ern boundary for deep currents (Stommel, 1958) that follow depth
contours (Heezen et al., 1966). Above ~4000 m depth, these waters
mostly have a northern source, whereas at greater depths there is a
greater proportion of recirculated southern-source water (Hogg,
1983). Sites 1054 and 1055 monitor the shallowest components of
NADW, which originate in and near the Labrador Sea and can be
traced using chlorofluorocarbons (CFCs) (Pickart and Smethie,
1993). This water mass is expected to wax and wane on glacial
terglacial and millennial time scales, out of phase with the product
of Lower NADW (Boyle and Keigwin, 1987; Oppo and Lehman
1993). Reconstructions of glacial North Atlantic hydrography sho
that the hinge point between better ventilated waters at intermed
depth and more poorly ventilated deep waters occurs at ~2000
This boundary is bracketed by Sites 1055 and 1056, which are p
tioned to detect changes in its depth. Likewise, Site 1058 is loca
at the interface between Upper NADW and Lower NADW. Sit
1059 and 1060, which lie within the core of Lower NADW, shou
be insensitive to all but the largest changes in benthic fronts betw
the AABW, Lower NADW, and Upper NADW. Finally, our deepes
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Figure 3. Position of Leg 172 BBOR sites with respect to water masses in the
western subtropical North Atlantic. Water depths are indicated every 500 m
along the temperature/salinity plot. Sites were chosen so that at least one lies
within each modern water mass and one lies at the boundary between water
masses. This depth distribution of sites is required to monitor the most likely
changes in water masses and their boundaries through the late Neogene. U =
upper; L = lower. KNORR 140/2 Hydro Sta. 1 refers to the site survey cruise
and station number that were used to collect the data.
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sites (Sites 1061−1064) are situated to record distinctive changes 
the AABW/Lower NADW front (Keigwin et al., 1994).

MUD-WAVE DYNAMICS

Recent studies of mud-wave dynamics suggest that mud wa
migrate because there are cross-wave changes in bed shear 
(Flood, 1988; Blumsack and Weatherly, 1989). In the case of fin
grained cohesive sediment, the accumulation rate decreases as 
stress increases (McCave and Swift, 1976); thus, less sediment a
mulates on the wave flank with the higher flow speed. In the case
a lee-wave flow pattern, flows on the upcurrent, upslope wave fla
are weaker than those on the downcurrent wave flank, leading to
slope and upcurrent wave migration. Enhanced wave migration is
pected at higher flow speeds because currents on the downcu
flank approach the critical shear stress for deposition before those
the upcurrent flank (Flood, 1988).

Wave migration can be measured by determining the ratio of s
iment thickness deposited on each wave flank during a time inter
or between two correlated layers, and a model-dependent flow sp
can be estimated (Flood, 1988). This approach was used with suc
in the Argentine Basin, where a mud wave appears to have bec
inactive during the last 20−30 k.y. (Manley and Flood, 1992). Unfor-
tunately, the Argentine Basin lies under very corrosive deep wa
which prevents the preservation of calcareous benthic foraminif
and the recovery of chemical proxy data for ocean paleocirculati
Independent evidence of changes in flow speed should be mad
concert with interpretations of circulation change made on the ba
of ocean paleochemistry.

Wave migration on sediment drifts has been a long-standing O
interest, but it had not yet been successfully addressed until Leg 
As the Sedimentary and Geochemical Processes Panel (SGPP) W
Paper (JOIDES Journal, 1990) states,

The history of thermohaline bottom current processes is pre-
served in sediment drifts and sediment waves molded under
relatively steady currents. Drilling transects will test sedimen-
tation models for sediment structure and bottom current depo-
sitional processes and use these models to determine past var
ations in the bottom flow regime of the ocean.

Waveforms observed at DSDP Sites 610 and 611 were found
be surprisingly stable, migrating on a million-year time scale (Kid
and Hill, 1987). However, that study sampled wave crests a
troughs, not wave flanks. Evidence from the Bahama Outer Rid
(Flood, 1978) and the Argentine Basin (Manley and Flood, 1992)
well as wave models, suggests that the largest difference in sedim
tation rates is to be expected on the flanks. The Bahama Outer R
wave field is mapped with much greater precision than those on G
dar and Feni Drifts, and carbonate content in small free-fall cores
dicates that sedimentation rates did indeed change between upst
and downstream wave flanks during the latest Quaternary (Flo
1978).

GAS HYDRATE 
AND PORE-WATER GEOCHEMISTRY

The world’s best-known marine gas hydrate occurrence is loca
within the operating area of Leg 172 on the Blake Outer Ridge a
Carolina Slope. Three DSDP-ODP legs in the Blake Ridge area (F
4) have recovered gas hydrate and/or found pore-water signature
dicating its presence: DSDP Leg 11 (Sites 102, 103, and 104; Ho
ter, Ewing, et al., 1972); DSDP Leg 76 (Site 533; Sheridan, Gra
stein, et al., 1983); and ODP Leg 164 (Paull, Matsumoto, Wallace
al., 1996). Gas hydrate, present on continental margins worldw
9
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(e.g., Shipley et al., 1979; Kvenvolden, 1988), is important because
it may (1) affect the Earth’s climate through storage and releas
methane, a greenhouse gas (e.g., Nisbet, 1989; Paull et al., 1991
cause sediment slumping on continental margins (e.g., Carpe
1981; Popenoe et al., 1993; Paull et al., 1996); and (3) influence
diagenesis of continental rise sediments (e.g., Lancelot and Ew
1972; Matsumoto, 1983; Borowski et al., 1996, 1997).

The presence of gas hydrate in the BBOR/CS region was of 
ticular concern during Leg 172 for two reasons. First, it was fou
during both DSDP Leg 76 and ODP Leg 164 that gas charging
sediment diagenesis associated with gas hydrate prevented succ
Table 1. Leg 172 drilling results.

Hole Latitude Longitude
Water depth 

(mbrf)
Number 
of cores

Interval cored 
(m)

Core recovered 
(m)

Recovery 
(%)

Total penetration 
(m)

1054A 33°0.0001′N 76°16.9996′W 1302.5 22 200.00 182.55 91.3 200.00
1054B 32°59.9850′N 76°16.9999′W 1304.8 12 103.20 106.29 103.0 103.20
1054C 32°59.9676′N 76°16.9995′W 1305.9 13 101.90 104.55 102.6 101.90

Site 1054 totals: 47 405.10 393.39 97.1 405.10

1055A 32°47.0418′N 76°17.1703′W 1810.0 1 9.50 9.82 103.4 9.50
1055B 32°47.0406′N 76°17.1790′W 1809.0 14 128.00 137.99 107.8 128.00
1055C 32°47.0562′N 76°17.1798′W 1809.0 14 120.80 126.10 104.4 120.80
1055D 32°47.0711′N 76°17.1792′W 1809.9 14 129.10 136.99 106.1 129.10
1055E 32°47.0925′N 76°17.1799′W 1809.0 2 18.00 18.48 102.7 18.00

Site 1055 totals: 45 405.40 429.38 105.9 405.40

1056A 32°29.0995′N 76°19.8025′W 2178.0 1 9.50 9.98 105.1 9.50
1056B 32°29.1018′N 76°19.7988′W 2177.9 17 155.60 171.81 110.4 155.60
1056C 32°29.1105′N 76°19.8113′W 2178.2 17 154.80 166.25 107.4 154.80
1056D 32°29.1215′N 76°19.8253′W 2177.7 13 121.80 132.46 108.8 121.80

Site 1056 totals: 48 441.70 480.50 108.8 441.70

1057A 32°1.7507′N 76°4.7527′W 2595.0 14 131.00 141.67 108.1 131.00
1057B 32°1.7317′N 76°4.7538′W 2595.8 15 136.70 145.08 106.1 136.70
1057C 32°1.7141′N 76°4.7546′W 2594.5 8 73.50 77.46 105.4 73.50

Site 1057 totals: 37 341.20 364.21 106.7 341.20

1058A 31°41.4153′N 75°25.8049′W 2996.0 16 152.00 164.56 108.3 152.00
1058B 31°41.4022′N 75°25.8038′W 2995.5 17 158.00 166.00 105.1 158.00
1058C 31°41.3861′N 75°25.8014′W 2996.0 18 164.00 173.81 106.0 164.00

Site 1058 totals: 51 474.00 504.37 106.4 474.00

1059A 31°40.4610′N 75°25.1270′W 2996.7 11 98.80 105.49 106.8 98.80
1059B 31°40.4528′N 75°25.1121′W 2996.8 10 92.20 95.91 104.0 92.20
1059C 31°40.4421′N 75°25.0983′W 2996.0 10 95.00 100.54 105.8 95.00

Site 1059 totals: 31 286.00 301.94 105.6 286.00

1060A 30°45.5971′N 74°27.9897′W 3492.5 18 170.10 177.74 104.5 170.10
1060B 30°45.5849′N 74°27.9887′W 3492.1 14 129.90 134.23 103.3 129.90
1060C 30°45.5682′N 74°27.9896′W 3492.5 14 126.50 130.78 103.4 126.50

Site 1060 totals: 46 426.50 442.75 103.8 426.50

1061A 29°58.4976′N 73°35.9929′W 4058.0 37 350.30 298.20 85.1 350.30
1061B 29°58.5172′N 73°35.9914′W 4055.0 1 9.50 9.82 103.4 9.50
1061C 29°58.5154′N 73°35.9923′W 4048.2 18 166.80 174.61 104.7 166.80
1061D 29°58.5326′N 73°35.9900′W 4049.8 22 180.00 194.95 108.3 180.00
1061E 29°58.5563′N 73°35.9933′W 4047.1 2 18.90 19.53 103.3 18.90

Site 1061 totals: 80 725.50 697.11 96.1 725.50

1062A 28°14.7819′N 74°24.4192′W 4774.8 20 180.70 181.24 100.3 180.70
1062B 28°14.7888′N 74°24.4204′W 4774.5 26 239.00 239.08 100.0 248.60
1062C 28°14.7954′N 74°24.4163′W 4772.1 14 132.90 134.56 101.2 132.90
1062D 28°14.7998′N 74°24.4157′W 4771.7 9 81.80 82.66 101.1 81.80
1062E 28°14.7653′N 74°25.0552′W 4785.7 23 208.80 203.72 97.6 208.80
1062F 28°14.7710′N 74°25.0651′W 4785.4 9 83.10 83.77 100.8 83.10
1062G 28°14.7548′N 74°24.6218′W 4759.2 1 9.30 9.27 99.7 9.30
1062H 28°14.7537′N 74°24.6204′W 4757.0 7 63.50 65.29 102.8 63.50

Site 1062 totals: 109 999.10 999.59 100.0 1008.70

1063A 33°41.2043′N 57°36.8979′W 4595.2 45 418.40 400.34 95.7 418.40
1063B 33°41.1885′N 57°36.8982′W 4594.7 38 351.60 341.95 97.3 351.60
1063C 33°41.1808′N 57°36.9028′W 4596.0 24 212.70 204.39 96.1 212.70
1063D 33°41.1717′N 57°36.9067′W 4596.2 19 173.10 176.54 102.0 173.10

Site 1063 totals: 126 1155.80 1123.22 97.2 1155.80

1064A 32°32.7199′N 57°4.5876′W 5580.0 3 28.50 28.83 101.2 28.50

Site 1064 totals: 3 28.50 28.83 101.2 28.50

Leg 172 totals: 623 5688.80 5765.29 101.3 5698.40
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operation of the APC at sub-bottom depths greater than 150 m. 
ond, although the acoustic signature of gas hydrate is not prese
the BBOR region at water depths >4 km, Leg 164 scientists fou
that the absence of the acoustic signature (the bottom-simulating
flector [BSR]) does not mean the absence of gas hydrate.

Gas hydrate occurrence is usually inferred from the appeara
of a BSR on seismic reflection profiles (Tucholke et al., 1977). Ho
ever, geochemical concentration and isotopic profiles are potenti
more sensitive indicators of underlying gas hydrate than establis
seismic detection methods (Borowski et al., 1996). For example, 
994 (Leg 164) displays no BSR but possesses the following po
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water anomalies that strongly suggest the presence of underlying gas
hydrate (Paull, Matsumoto, Wallace, et al., 1996): (1) chloride con-
centration decreases with depth, probably reflecting dissociation of
gas hydrate at the base of the stability zone and upward migration of
fresher fluids (Hesse and Harrison, 1981; Ussler and Paull, 1995);
(2) the sulfate concentration profile decreases linearly, suggesting an
upward methane flux from gas hydrate below (Borowski et al.,
1996); and (3) extreme depletion of 13C occurs within the interstitial
methane and CO2 pools at shallow depths (Borowski et al., 1997).

ODP Leg 172 drilled holes both inside and outside of the mapped
distribution of BSRs of the Blake Ridge hydrate field (Fig. 4). The leg
thus provides an opportunity to (1) assess the lateral distribution of
gas hydrate and its related geochemical signatures within the conti-
nental rise and (2) assess the linkage of various geochemical patterns
to diagenetic processes that may be directly or indirectly caused by
gas hydrate. These data are critical to improve estimates of the size of
the gas hydrate reservoir in the Blake Ridge area (and elsewhere) and
to understand the geochemical processes involved in the develop-
ment of extensive gas hydrate fields.
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